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Very recently, it was pointed out that there exists a population of gamma-ray sources without 
associations at other wavelengths which exhibit spectral features consistent with mono-energetic lines 
at energies of approximately 111 and 129 GeV. Given recent evidence of similar gamma-ray lines 
from the Inner Galaxy, it is tempting to interpret these unassociated sources as nearby dark matter 
subhalos, powered by ongoing annihilations. In this paper, we study the spectrum, luminosity, and 
angular distribution of these sources, with the intention of testing the hypothesis that they are, in 
fact, dark matter subhalos. We find that of the 12 sources containing at least one prospective line 
photon, only 2 exhibit an overall gamma-ray spectrum which is consistent with that predicted from 
dark matter annihilations (2FGL J2351.6-7558 and 2FGL J0555. 9-4348). After discounting the 10 
clearly non-dark matter sources, the statistical significance of the remaining two prospective line 
photons is negligible. That being said, we cannot rule out the possibility that either or both of these 
sources are dark matter subhalos; their overall luminosity and galactic latitude distribution are not 
inconsistent with a dark matter origin. 

PACS numbers: 95.35. +d;95.85.Pw;07.85.-m;98. 70. Rz; FERMILAB-PUB-12-422-A 



I. INTRODUCTION 

In many models, dark matter particles can annihilate 
through loop-level diagrams to final states which include 
a photon, such as 77, "/Z or 7/1. As dark matter anni- 
hilations in the universe today occur at non-relativistic 
velocities, the photons produced through such processes 
are predicted to take the form of mono-energetic gamma- 
ray lines. The prospect of observing such a gamma-ray 
line has long been considered a "smoking gun" for dark 
matter's indirect detection, providing a distinctive signal 
which is unlikely to be mimicked by astrophysical back- 
grounds. 

The Fermi Gamma-Ray Space Telescope (Fermi- 
LAT) [1] is one of the most promising instruments with 
which to detect such a gamma-ray line. Over the past few 
months, a great deal of attention has been given to the 
possibility that evidence for such gamma-ray lines is, in 
fact, present within the publicly available data from the 
Fermi-L AT [21 [3] . The primary line in question appears 
at an energy of approximately 129 GeV, along with less 
statistically significant hints of a second line at around 
111 GeV [4]. These photons have been detected primar- 
ily within regions of the sky which reside within ~10° 
of the Galactic Center, resembling the distribution pre- 
dicted from a cusped halo profile. For recent discussions 
of these possible signals and their implications for parti- 
cle physics, see Refs. [3HZ] and [E1IHL respectively. 

The task now at hand for the particle-astrophysics 
community is to determine whether the gamma-ray line 
or lines observed from the Inner Galaxy are 1) actually 
the products of dark matter annihilations, 2) somehow 
the result of a combination of astrophysical sources or 
mechanisms [TUJ [TT] , or 3) the result of systematic or in- 



strumental issues [HOE], perhaps associated with the 
inner workings of the Fermi-LAT itself. At this time, it 
is difficult to take very seriously the possibility that the 
appearance of the 129 GeV line is a statistical fluctua- 
tion, in particular in light of the very high significance of 
the line as derived from the template analysis of Ref. [3] 
(greater than 5cr, after accounting for an appropriate tri- 
als factor). 

One way to possibly strengthen the case for a dark 
matter origin of the observed line would be to observe 
a line at the same energy from other directions of the 
sky thought to contain significant densities of dark mat- 
ter. Such a signal has been recently reported, for exam- 
ple, from a number of Galaxy Clusters, although with 
only modest statistical significance [15]. Even more re- 
cently, evidence of gamma-rays lines at both 129 and 111 
GeV from a collection of unassociated gamma-ray sources 
has been presented [131 . If confirmed, this result could 
have great bearing on the question of the line's origin. 
The Milky Way is predicted to contain large numbers 
of smaller subhalos and nearby subhalos could plausibly 
appear as a population of gamma-ray sources without 
counterparts at other wavelengths [T4H2T] . If the line 
emission from such sources is confirmed, this would be 
most easily interpreted as evidence of dark matter anni- 
hilations taking place within such objects. 

In this paper, we study the gamma-ray spectrum, lu- 
minosity, and sky distribution of these prospective line- 
emitting sources with the goal of assessing the likelihood 
that they are in fact dark matter subhalos. If a sizable 
fraction of these sources were shown to be subhalo-likc 
in these regards, it would help to strengthen the case 
that the gamma-ray lines reported over the past several 
months do, in fact, originate from dark matter annihila- 
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tions. What we actually find, however, is that the ma- 
jority of these objects do not appear to be dark matter 
subhalos. That fact that line emission is observed from 
these objects, which do not appear to be powered by dark 
matter annihilations, adds credibility to the hypothesis 
that the lines reported from the Inner Galaxy are the 
product of some yet unknown systematic or instrumen- 
tal issue, possibly associated with the Fermi-LAT (see 
also Ref. El El). 



II. THE SPECTRA OF LINE EMITTING 
CANDIDATE SOURCES 

In their recent study, the authors of Ref. [13] studied 
the subset of the unassociated sources within the Sec- 
ond Fermi Source Catlog (2FGL) [23] which do not ex- 
hibit discernible variability and which lie outside of the 
Galactic Plane > 5°). From among the hundreds of 
sources which meet these requirements, they found that 
16 of them had at least one 100-140 GeV photon (within 
0.15° or 0.3° of the source's center for front- or back- 
converting events, respectively). The stacked spectrum of 
these sources reveals peaks at around 129 and 111 GeV, 
consistent with the energies of gamma-rays tentatively 
observed from the Inner Milky Way. More specifically, 
they find 6 sources in the 2FGL catalog showing emission 
at energies associated with each of these two lines. The 
sources J0341.8+3148c, J2115.4+1213, J1716.6-0526c, 
J2351.6-7558, J1639.7-5504, and J2004.6+7004 are found 
to emit a photon in the energy range 124.7-133.4 GeV and 
the 2FGL sources J0555. 9-4348, J1844.3+1548, J1240.6- 
7151, J1324.4-5411, J0600.0+3839, and J1601. 1-4220 are 
found to emit at least one in the energy range range 
108.9-116.6 GeV [22]. The statistical significance of the 
combined 129 and 111 GeV line- like emission (relative to 
the prediction of a conservative background model) from 
the unassociated sources was evaluated to be 3.3a [T3] . 

If any of these sources are dark matter subhalos, then 
in addition to any line emission, a continuum of gamma- 
rays is also expected to result from dark matter anni- 
hilations to final states other than 77. Furthermore, 
it is precisely this continuum emission that would lead 
to such a source appearing in the 2FGL (the line emis- 
sion from such a source alone is not bright enough for 
Fermi to detect at high significance) . In Fig. [I] we plot 
the spectrum of continuum gamma-rays from a 130 GeV 
dark matter particle annihilating to several possible final 
states (as calculated using PYTHIA 6 [23]). Most of the 
final states common to the most studied and well mo- 
tivated WIMP candidates (quarks, gauge bosons) yield 
a spectrum of gamma-rays which peaks at around ^5-6 
GeV (in E 2 dN/dE units). Annihilations to tau-lepton 
pairs, in contrast, yield a larger fraction of hard neutral 
pions, and thus result in a gamma-ray spectrum which 
peaks at higher energies, around ~40 GeV. Annihilations 
to light leptons (muons or electrons) produce gamma- 
rays primarily through final state radiation, resulting in 
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FIG. 1: The spectrum of gamma-rays per dark matter anni- 
hilation, for a number of channels and for a WIMP mass of 
130 GeV. 



a spectrum which peaks at even higher energies. 

By comparing the spectra of the unassociated sources 
discussed in Ref. [13] to that predicted from dark mat- 
ter continuum emission, it should be possible to test the 
hypothesis that the observed line emission is associated 
with dark matter annihilations. In Figs. [2] and [3j we show 
the spectrum of each of the 12 sources containing a pho- 
ton consistent with the gamma-ray lines, as contained 
in the 2FGL catalog, and compare this spectral shape 
with that predicted from a 130 GeV dark matter particle 
annihilating to bb (the normalization of the annihilation 
spectrum is arbitrary in these two figures; an issue we 
will return to in the next section). For 10 of these 12 
sources, the spectral shape is clearly incompatible with 
the continuum emission predicted from dark matter an- 
nihilation. In particular, only 2FGL J2351. 6-7558 and 
2FGL J0555. 9-4348 exhibit spectra which could plausibly 
originate from the annihilations of a 130 GeV dark mat- 
ter particle. Other annihilation channels, such as those 
to gauge bosons or leptons, do not fit this collection of 
sources any better. We also note that the spectra of the 
two sources which are potentially compatible with a dark 
matter interpretation are not particularly well measured, 
having fluxes inconsistent with zero only in the 1-3 GeV 
band. In light of this, we find little to support the con- 
clusion that dark matter annihilations are responsible for 
the gamma-ray lines identified in Ref. [13] . 
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FIG. 2: The gamma-ray spectra from the six non-variable (variability index < 41.6) and non-planar (|6| > 5°), unassociated 
sources as calculated in the Second Fermi Source Catalog (2FGL) which have had a photon detected with an energy 
between 124.7 and 133.4 GeV. Arrows represent 95% upper limits, while other points denote la errors. In each frame, the 
solid line is the spectral shape (arbitrary normalization) predicted from 130 GeV dark matter annihilations to bb. From 
among these six sources, only the spectrum of 2FGL J2351. 6-7558 is consistent with that predicted from annihilations taking 
place in dark matter subhalos. We note that this conclusion is unchanged if annihilations through other channels are considered. 
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FIG. 3: The gamma-ray spectra from the six non-variable (variability index < 41.6) and non-planar (|6| > 5°), unassociated 
sources as calculated in the Second Fermi Source Catalog (2FGL) which have had a photon detected with an energy between 
108.9 and 116.6 GeV. Arrows represent 95% upper limits, while other points denote la errors. In each frame, the solid line 
is the spectral shape (arbitrary normalization) predicted from 130 GeV dark matter annihilations to bb. From among these 
six sources, only the spectrum of 2FGL J0555. 9-4348 is consistent with that predicted from annihilations taking place in dark 
matter subhalos. We note that this conclusion is unchanged if annihilations through other channels are considered. 
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III. IS THE CONTINUUM EMISSION TOO 
BRIGHT? 

The luminosity of gamma-rays lines produced from 
dark matter annihilations taking place in a subhalo is 
given by: 



[2<7, 



c 7 z + cr 1 h\ 



2 m DM 



p 2 dV, 



(1) 



where av and moM are the annihilation cross sections 
and mass of the dark matter particle, respectively, and 
the integral is performed over the volume of the subhalo. 

In contrast, the luminosity of continuum gamma-rays 
is given by: 



Lc.cmt — 



Ccont^ 
9m 2 



dN ^F 

dK dE ^ 



o 2 dV, 



(2) 



where dN^/dE^ is the spectrum of continuum gamma- 
rays produced per dark matter annihilation, which de- 
pends on the dominant annihilation channel(s) and on 
the mass of the dark matter particle. 

Combining these expressions, we can write the ratio 
of continuum-to-line emission from a given subhalo inde- 
pendently of the dark matter distribution: 



CcontV 



d ^d E1 . 

dE^ 7 



(3) 



Each of the 12 sources under consideration have only 
one or two photons with an energy consistent with anni- 
hilation to a 129 or 111 GeV gamma-ray line (all but one 
of these 12 sources has only one prospective line photon). 
If we set the quantities that determine Lii ne such that we 
expect one line photon from a given source, we can then 
use that information to predict the flux of continuum 
emission from that source, as a function of L cont /Lii ne . 
An upper limit on the ratio of the line-to-continuum emis- 
sion can be placed from the fact that little or no contin- 
uum emission from a 130 GeV WIMP has been observed 
from the regions of the Inner Galaxy where the line (or 
lines) have been observed. Comparing the cross section 
to gamma-ray lines found in Ref. [3] to the upper lim- 
its on continuum emission found in Refs. [35] (and 
adopting the same halo profile) , we find that this requires 
a b iv/[a 17 v+0.5 a y zv+0.5 ajhv] < 6.9. In Fig. [4j we com- 
pare this maximal prediction for the spectrum of contin- 
uum emission to that observed from 2FGL J2351. 6-7558 
and 2FGL J0555. 9-4348. In each case, the maximum con- 
tinuum spectrum predicted is lower than the observed 
flux, but by only about a factor of two. If the individ- 
ual line photons observed from each of these two sources 
were downward fluctuations (on an expectation of two or 
more line photons from each source), then the required 
normalization could be consistent with constraints from 
the Inner Galaxy. If these two sources are in fact dark 
matter subhalos, they must be among the very bright- 
est of all subhalos, in terms of both line and continuum 



IV. IS THE NUMBER OF LINE EMITTING 
SOURCES CONSISTENT WITH SUBHALO 
PREDICTIONS? 

In this section, we calculate the number of dark matter 
subhalos predicted to be bright enough to be detectable 
as 2FGL sources, and compare this to the number of 
sources observed to possibly exhibit line emission. 

Numerical simulations of the formation and evolution 
of structure have found that dark matter halos and sub- 
halos follow a mass distribution approximately given by 
dN n /dMh cx M^ 2 , extending down to a minimum mass 
related to the microscopic properties of the dark matter 
particle [26] . In the case of the Milky Way, on the order 
of 5-10% (50%) of the total mass in dark matter is pre- 
dicted to be found in 1O 7 -1O 1o A/ (10~ 6 -10 10 M ) sub- 
halos [27]. If the distribution of subhalos extends down 
to the Earth mass-scale, this normalization corresponds 
to a total of more than 10 16 subhalos within the halo of 
the Milky Way, corresponding to a number density of ap- 
proximately ^10 2 subhalos per cubic parsec in the local 
neighborhood of the Galaxy. 

The gamma-ray luminosity from dark matter annihila- 
tions in a given subhalo depends on how the dark matter 
is distributed. We begin by considering an NFW halo 
profile: 



p(r) 



oc 



1 

{r/R s )[l + {r/R s )Y 



(4) 



emission. 



where R s is the scale radius of the subhalo, which we set 
for a halo of a given mass according to the the analytic 
model of Bullock et al. [28 . Considerable halo-to-halo 
variation in the concentration and shape of subhalo pro- 
files has been observed in numerical simulations. In con- 
trast, the model of Ref. [35J only provides a measure of 
the average concentration of a subhalo of a given mass. 
We model the probability of a halo having a given concen- 
tration with a log-normal distribution with a dispersion 
of a c R3 0.24 [2S]. Such variations roughly double the 
number of observable subhalos [29] . 

Subhalos in the local volume of the Milky Way are 
likely to have had a large fraction of their outer mass 
stripped through tidal interactions with other halos and 
stars, leaving a dense and tightly bound inner cusp in- 
tact [3D] . As the innermost regions of halos dominate the 
overall annihilation rate, however, the precise fraction 
of mass that is lost only modestly impacts the resulting 
gamma-ray luminosity [31j . 

In order for the gamma-ray annihilation products from 
a given subhalo to constitute a source that could poten- 
tially appear within the 2FGL, the subhalo must be fairly 
bright. A subhalo that produces more than 50 events 
above 1 GeV per year at FGST should be likely to ap- 
pear within the 2FGL [14] , 

In calculating our initial estimate for the number of 
dark matter subhalos bright enough to appear in the 
2FGL, we assume that the outer 99% of the original 
halo's mass is lost to tidal stripping, and integrate down 
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FIG. 4: The maximum spectrum of gamma-ray continuum emission from the two line-emitting source candidates in the 2FGL 
with spectral shapes consistent with originating from dark matter (for the case of annihilations to bb, although results for 
annihilations to other quarks or gauge bosons are similar). If the flux of continuum emission was higher, it would exceed 
that observed from the Inner Galaxy [9]. This result assumes that the single line photon from each of these sources does not 
represent a significant upward or downward fluctuation. 



to substructure masses of 10 -6 M (corresponding to a 
boost factor of 1.75). In this case, with a dark matter 
mass of 130 GeV, annihilating with an annihilation cross 
section of av = 8 x 10 -27 cm 3 /s (which saturates the 
Galactic Center constraints for the halo profile implied 
by the line morphology [9]), we find that there is only 
a l-in-50 chance of Fermi observing even a single dark 
matter subhalo. 

If we consider a more optimistic, but still plausible, set 
of assumptions, this estimate can increase significantly. 
For example, if we repeat this calculating using a some- 
what steeper dark matter distribution (p oc r~ 1,2 in the 
inner volume [32]), only 95% mass loss, and integrate 
substructure down to 10~ 8 M Q (corresponding to a boost 
factor of 2.8) , we find that Fermi should have about a 70% 
chance of observing at least one dark matter subhalo. In 
light of this result, we find it plausible that as many as 
one or two of the unassociated 2FGL sources could be 
subhalos of 130 GeV dark matter particles responsible 
for the Galactic Center line emission. We find the ob- 
servation of 12 dark matter subhalos, however, relatively 
difficult to explain within the context of existing models 
of dark matter structure. 



V. IS THE LATITUDE DISTRIBUTION OF 
LINE SOURCES CONSISTENT WITH 
EXPECTATIONS FOR SUBHALOS? 

As pointed out in Ref. [13] , the distribution of poten- 
tially line-emitting 2FGL sources is noticeably concen- 
trated around the Galactic Plane. In particular, of the 12 
sources under consideration, 6 (10) of them reside within 
the region of 5° < |6| < 10° (5° < \b\ < 25°). Sources 
within 5° of the Galactic Plane were not considered in 
Ref. 1 13] . This distribution of sources is strongly concen- 
trated around the plane and is at odds with that expected 
for a population of dark matter subhalos. 

Modern simulations of cold dark matter lead us to ex- 
pect a large fraction of observable subhalos to reside sig- 
nificantly outside of the Galactic Plane [36 , ,37]. We ex- 
pect the nearby subhalos most likely to be observable by 
Fermi to follow a roughly isotropic distribution across the 
sky. Although arguments have been presented for why 
this isotropy may be broken, these lines of reasoning lead 
to the prediction that an even larger fraction of subhalos 
should reside well outside of the Galactic Plane. 1 In any 
case, one does not expect the distribution of dark matter 



We note that if the dark matter profiles and substruc- 
ture boost factors of dwarf galaxies were as favorable as 
the aforementioned optimistic values needed to yield ob- 
servable subhalos, then we should also have expected to 
observe gamma-rays from these objects as well. Searches 
for continuum emission [33 and line emission |34j from 
dwarf galaxies, however, have revealed no such signals. 
A natural resolution to this apparent conflict could be 
found if the dark matter distributions in dwarf galaxies 
are only mildly cusped, or even cored, perhaps as a re- 
sult of baryonic effects [35] which are negligible in smaller 
subhalos. 



The overall distribution of subhalos in the Milky Way is expected 
to be skewed by a preferred alignment of the subhalo population 
with the major axis of the triaxial mass distribution of their dark 
matter hosts (381 139) . This can be understood in the context of 
the accretion of satellite galaxies along a small number of dark 
matter filaments HI . This axis is observed to be roughly perpen- 
dicular to the Galactic Plane, creating a relatively high latitude 
population of subhalos as observed from the solar position. This 
bias has been confirmed for the population of the 14 observed 
dark matter dwarfs, all of which have |6| > 34°, and 8 of which 
lie at |6| > 50°. On the other hand, recent simulations 1411 reveal 
that this great pancake is likely to become less significant when 
increasingly less massive halos are included in the sample, likely 
due to the inclusion of subhalos from multiple accretion events. 
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subhalos to be concentrated at low galactic latitudes, as 
is observed among the 12 sources under consideration. 

While these cold dark matter simulations do not in- 
clude the highly non-spherical distribution of galactic 
baryons, the addition of the baryonic disk is thought 
to deplete dark matter substructure near the Galactic 
Plane, further increasing the number of high latitude ha- 
los with respect to those expected by dark matter only 
simulations 02 03] . Simulations by Ref. [2] find that 
tidal disruptions of subhalos in the Galactic Plane al- 
low for a 9% anisotropy biasing the indirect detection 
of dark matter towards high latitudes. While the au- 
thors of Ref. [T3J argue that the preferential observation 
of dark matter substructure at low galactic latitudes may 
be due to a selection effect, models employing dark mat- 
ter substructure simulations predict the most luminous 
nearby halos to spread across a wide range of galactic 
latitudes [45] , 

If instead of considering all 12 potentially line-emitting 
sources, we limit ourselves to the two sources which are 
spectrally consistent with originating from dark matter 
annihilations, we come to a rather different conclusion. 
In particular, of the 12 sources, these two are the far- 
thest away from the Galactic Plane, residing at galactic 
latitudes of -40.6° and -27.8°. The latitude distribution 
of these two sources, although clearly statically insignif- 
icant, is not at odds with the predicted distribution of 
galactic subhalos. 

VI. A CAVEAT? INVERSE COMPTON 
EMISSION 

In principle, many of the arguments made in this 
paper concerning the spectrum and intensity of con- 
tinuum emission can be evaded if these gamma-rays 
originate from secondary interactions, such as through 
bremsstrahlung with gas, or inverse Compton scattering 
with starlight. In order for these processes to dominate 
the observed gamma-ray flux, annihilations must proceed 
largely to gamma-ray quiet states, such as e + e~ or 
In such a scenario, the observed source-to-source varia- 
tion in spectral shape and intensity could be explained by 
variations in the galactic environment (e.g. stellar and gas 
densities, and/or diffusion properties). This scenario has 
the additional benefit of explaining the overabundance of 
low latitude sources as observed by Ref. [T3J, since these 
regions are likely to contain the highest densities of sec- 
ondary targets. On the other hand, these mechanisms 
have difficulties in explaining the brightness of the ob- 
served continuum emission, as secondaries in small galac- 
tic substructures are unlikely to lose significant fractions 
of their energy before diffusing into the surrounding in- 
terstellar medium. It would thus be very unlikely in this 
scenario for any dark matter substructures to be bright 
enough to be contained within the 2FGL catalog. 



VII. DISCUSSION AND CONCLUSIONS 

In this paper, we have studied the spectra, luminosi- 
ties, and sky distribution of the 12 unassociated 2FGL 
gamma-ray sources which exhibit possible line-emission 
at 129 or 111 GeV, as discussed in the recent Ref. |13| . 
The conclusions of our study can be summarized as fol- 
lows: 

• The majority of these 12 sources are very unlikely 
to be dark matter subhalos. In particular, 10 out 
of the 12 sources have measured spectra which are 
inconsistent with that predicted from dark matter 
annihilations. Furthermore, these sources are over- 
whelmingly concentrated at low galactic latitudes, 
in sharp contrast to that expected from a popula- 
tion of dark matter subhalos. 

• If we consider only the two 2FGL sources which ex- 
hibit spectra that are consistent with dark matter 
annihilation continuum emission (J0555. 9-4348 and 
J2351. 6-7558), the possibility that either or both 
of these sources may be subhalos cannot be ruled 
out. These two sources reside at moderate galac- 
tic latitudes (-40.6° and -27.8°) and have overall 
fluxes which are consistent with the constraints on 
gamma-ray continuum emission. 

Looking at this problem from another perspective, the 
first of these two points implies that most (at least 11 
out of the total 13) of the prospective line photons from 
unassociated 2FGL sources, as identified in Ref. [13], do 
not likely originate from dark matter annihilations, and 
instead require some other explanation. As gamma-ray 
lines of uniform energy are not observed or predicted from 
any known class of astrophysical objects, the possibility 
of an astrophysical solution seems unlikely. Instead, the 
observation of a line-like-signal from these unassociated 
sources strengthens the case that the reports of gamma- 
rays lines over the past several months are likely to be 
the result of some as of yet not understood systematic 
effect or instrumental issue. 

This hypothesis will be put to the test by future ob- 
servations by other gamma-ray telescopes. Specifically, 
pointed observations from HESS-II [JS] will be instru- 
mental in determining whether the observed line signals 
are real or not. Additionally, the Gamma-400 instrument 
promises a significant improvement in both the angular 
and energy resolution, which will enable a detailed com- 
parison between the tentative line feature and the con- 
tinuum emission predicted in dark matter scenarios [47] . 

Acknowledgements: We would like to thank Doug 
Finkbeiner for valuable discussions. DH is supported by 
the US Department of Energy including grant DE-FG02- 
95ER40896. 



7 



[1] 

[2] 

[3] 
[4] 

[5] 



[6] 
[7] 

[8] 



W. Atwood et. al. Astrophys. J. 697 1071 2009 arXiv: 
0902.1089 [astro-ph.IM] 

T. Bringmann, X. Huang, A. Ibarra, S. Vogl and 
C. Weniger, [arXiv:1203.13l"2| [hep-ph] . 

C. Weniger, |arXiv:1204.279"7| [he p-ph]. 

M. Su and D. P. Finkbeiner, |arXiv:1206.1616| [astro- 
ph.HE]. 

E. Tempel, A. Hektor and M. Raidal, |arXiv:1205.T045l 
[hep-ph]; A. Ibarra, S. Lopez Gehler and M. Pato, 
|arXiv:1205.0007] [he p-ph]; A. Rajaram an, T. M. P. Tait 
and D. Whiteso n, |arXiv:1205.4723| [hep-ph]; I. Oda, 
|arXiv:1207.1537| [hep-phj ; R. -Z. Yang, Q. Yuan, L. Feng, 
Y. -Z. Fan and J. Chang, |ajX~iv:1207T62l| [astro -ph.CO] ; 
W. Buchmuller and M. Gamy, |arXn^T2~0 6.7056 [hep-ph]. 

D. Finkbeiner, Talk at Identification of Dark Matter 
(IDM) 2012 Workshop, July 2012, Chicago, USA. 

A. Boyarsky, D. Malyshev and O. Ruchayskiy, 
|arXiv:1205.4700| [a stro-ph.HE]. 
J. M. Cline, |arXiv: 1205.26881 [hep-ph] 
Y 
B. 



Choi and O. 
S. Acharya, G. 



Seto, arXiv: 1205.3276 
Kane, 



K. - 
[hep-ph]; 
Lu and 
M. Park 
E. Du- 



[0] 
[10] 

[11] 

[12] 
[13] 
[14] 
[15] 



P. Kumar, R. 
B. Zheng, |arXiv:1205.5789| [hep-ph]; H . M. Lee, 
and W. -I. Park, |arXiv:1205.4675] [hep-ph]; 
das, Y. Mambrini, S. Pokorski and A. Romagnoni, 
arXiv:1 205.1520| [hep-ph]; B. Kyae and J. -C. Park, 
arXiv:1205.4l"51] [hep-ph]; J. -C. Park and S. C. Park, 
arXiv:1 207.498l| [hep-phi ; I. Cholis, M. Tavakoli and 
P. Umo, |arXiv: 1207.1468] [hep-ph] ; T. Cohen, M. Li santi, 
T. R. Slatyer and J. G. Wacker, |arXiv:1207."0800| [hep- 
ph]; Z. Kang, T. Li, J. Li and y' Liu, |arXiv :1206.2863 
[hep-ph]; D. Das, U. Ellwanger and P. Mitropou- 
los, arXiv:1206.2639 [hep-ph]. X. Chu, T. Hambye, 
T. Scarna and M. H. G. Tytgat, |arXiv:1206.2279| [hep- 
ph]; G. Chalons, |arXiv: 1204.4591| [hep-ph]; S. Turin, 
H. -B. Yu and K. M. Zurek, arXiv: 1208.0009 [hep-ph]. 
M. R. Buckley and D. Hooper, arXiv:1205.6811 [hep-ph]. 
F. Aharonian, D. Khangulyan and D. Malyshev, 



|arXiv: 1207.0458] [astro-ph.HE], 

S. Prof'umo and T. Linden, |arXiv:1204.6047| [astro- 
ph.HE]. 

A. Hektor, M. Raidal and E. Tempel, arXiv:1207.4466 
[astro-ph.HE]. 

M. Su and D. P. Finkbeiner, 
ph. HE]. 

A. V. Belikov, D. Hooper 



|arXiv: 120 7. 7060 [astro- 
and M. R. Buckley, 



arXiv:1111 .2613 [hep-ph]. 

N. Mirabal, V. Frias-Martinez, T. Hassan and E. Frias- 
Martinez, Mon. Not. Roy. Astron. Soc. 424. L64 (2012) 
[arXiv: 1205.4825] [astro-ph.HE]]. 
[16] M. R. Buckley and D. H ooper, Phys. Rev. D 82, 063501 

(2010) [arXiv:1004.l644] [hep-ph]] . 

[17] H. S. Zechlin, M. V. Fernandes, D. Elsaesser and 
D. Horns, Ast ron. Astrophys. 538, A93 (2012) 
[arXiv: 1111.35141 [astro-ph.HE]]. 

[18] D. Nieto, J. Aleksic, J. A. Barrio, J. L. Contreras, 
M. Doro, S. Lombardi, N. Mirabal, A. Moralejo et al., 
|arXiv:1109.5935| [astro-ph.HE]]; P. Brun, E. Moulin, 
J. Diem and, J. -F. Glicen stein, Phys. Rev. D83, 015003 

(2011) . [arXiv: 1012.4766] [astro-ph.HE]]. 

[19] M. Kuhlen, J. Diemand and P. Madau, |arXiv:0805.4416| 
[astro-ph] . 



[20] H. -S. Zechlin, M. V. Fernandes, D. Elsaesser, D. Horns, 
jarXiv: 11 10.6868] [astro-ph.HE]]. 

[21] N. Mirabal, D. Nieto, S. Pardo, [arXiv: 1007.2644] [astro- 
ph.HE]]. 

[22] D. Finkbeiner, Private Communication (2012). 
[23] The Fermi-LAT Collaboration, |arXiv:1108.1435| [astro- 
ph.HE]. 

[24] T. Sjost rand, S. Mrerrna, P. Z. Skands, JHEP 0605, 026 

(2006) . [hep-ph/0603"l75] . 

[25] D. Ho oper and T. Lind en, Phys. Rev. D 84, 123005 

(2011) [arXiv:1110.0006] [astro-ph.HE]]. 
[26] S. Profumo, K. Sigurdson and M. Kamionkowski, Phys. 

Rev. Lett. 97, 031301 (2006) |arXiv:astro-ph/0603373] ; 

A. Loe b and M. Zaldarriaga, P hys. Rev. D 71, 103520 
(2005) [arXiv:astro-ph /05041 12] . 

[27] J. Diemand, M. Kuhlen and P. Madau, Astrophys. J. 
657, 262 (2007) [arXiv:astro-ph/061 1370] ; M. Fornasa, 
L. Pieri, G. Bertone and E. Branchini, Phys. Rev. D 80, 
023518 (2009) [arXiv:0901.292l] [astro-ph]]. 

[28] J. S. Bullo ck et al, Mon. Not. Roy . Astron. Soc. 321, 
559 (2001) |arXiv:astro-ph/9908159T . 

[29] L. Pieri, G. Bertone and E. Br anchini, Mon. No t. Roy. 
Astron. Soc. 384, 1627 (2008) |arXiv:0706.2101| [astro- 
ph]]. 

[30] H. Zhao, J. E. Taylor, J. Si lk and D. Hooper, As - 
trophys. J. 6 54, 697 (2007) |arXiv:astro-ph/0508215j ; 
|arXiv:astro-ph/0502049] T. Goerdt, O. Y. Gnedin, 

B. Moore, J. Diemand and J. Stadcl, Mon. Not. Roy. 
Astron. Soc. 375, 191 (2007) [arXiv:astro-p h/0608495 ; 
A. M. Green and S. P. Good win, Mon. Not. Roy. As - 
tron. Soc. 375, 1111 (2007) | [arXiv:astro-ph/0604142l ; 
V. Berezinsky, V. Dokuchaev and Y. Eroshenko, Phys. 
Rev. D 73, 063504 (2006) [arXiv: astro-ph/05 1 1494] . 

[31] T. Goerdt, O. Y. Gnedin, B. Moore, J. Diemand 
and J. Stad el, Mon. Not . Roy. Astron. Soc. 375, 191 

(2007) [astro-ph /0608495 ; H. Zhao, J. E. Taylor, J. Silk 
and D. Hooper, Astrophys. J. 654, 697 (2007) [astro-| 
ph/0508215 arXiv:astro-ph/0502049; A. M. Green and 



g. P. G oodwin, Mon. Not . Roy. Astron. Soc. 375, 1111 
(2007) [astro-ph/0 604142 . 
[32] J. Diemand, M. Kuhlen, P. Madau, M. Zemp, B. Moore, 
D. Potter and J. Stadel, Nature 454, 735 (2008) 
|arXiv:0805.1244| [astro-ph]]; J. Diemand, M. Zemp, 
B. Moore, J. Stadel and M. Carollo, Mon. Not. Roy As- 
tron. Soc. 364, 665 (2005) |arXiv:astro-ph/0504215] . 
[33] A. Abdo et. al. Astrophys. J. 712 147 (2010). 
[34] A. Geringer-Sameth and S. M. Koushiappas, 

|arXiv:1206.0796| [astro-ph.HE], 
[35] A. M. Brooks and A. Zolotov, |arXiv: 1207.2468] [astro- 
ph.CO]. 

[36] J. Die mand, M. Kuhlen, P. Mad au Astrophys. J. 667 859 
(2007) |arXiv:astro ph/0703337] [astro-ph]. 

[37] V. Springel et . al. MNRAS, 391, 1685 (2008) 
|arXiv:08 09.0898 [astro-ph]. 

[38] D. Lynden-Bell MNRAS, 174 695 1976. 

[39] A. Zentner, A. Kravtsov, O. Gnedin and A. Klypin Astro- 
phys. J. 629 219 (2005) |arXiv:astro-ph/0502496] [astro- 
ph]. 

[40] N. Libeskind, C. Frenk, S. Cole, J. Helly, A. Jenk- 
ins, J. Navarro and C. P ower MNRAS, 363 146 (2005) 
|arXiv:astro-ph/050"3400l 



[41] J. Wang, C. Frenk and A. Cooper [arXiv:1206.1340| [astro- 
ph.GA]. 

[42] J. Grcevich, M. E . Putman Astrophys. J. 696 385 (2009) 

|arXiv:0901.4975l [astro-ph.GA] . 
[43] E. D'Onghia, V. Springel, L. Hernquist, and D. Keres 

Astrophys. J. 709 1138 (2010) |arXiv:0907.3482| [astro- 

ph.CO]]. 

[44] V. Berezinsky, V. Dokuchaev, Y. Eroshenko |arXiv:astro-| 



5i 

[46] 
[47] 



ph/0612733 [astro-ph]. 

M. Ku hlen, J. Diemand, P. Madau Astrophys. J. 686 262 
(2008) |arXiv:0805.4416] [astro-pH]. 

L. Bergstrom, G. Bertone, J. Conrad, C. Farmer and 

C. Weniger, [arXiv: 1207.6773] [hep -ph] . 

A. Galper et. al.|arXiv:1201.2490 [[astro-ph.IM] 



